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Power ultrasoundAbstract It is well-known that the application of ultrasound during liquid to solid transitions for
alloys can refine the solidification microstructure and thus improves the mechanical properties. How-
ever, most published work focuses on single phase dendritic growth, whereas little has been con-
ducted on the multiphase alloys with complicated phase transformations during solidification. In
this work, the solidification process of ternary Cu40Sn45Sb15 alloy was realized within intensive ultra-
sonic field with a resonant frequency of 20 kHz and ultrasound power from 0 W to 1000 W. The
ultrasound refines the size of the primary e(Cu3Sn) intermetallic compound by two orders of mag-
nitudes. If the ultrasound power increases to 1000 W, g(Cu6Sn5) phase nucleates and grows directly
from parent liquid phase without the occurrence of peri-eutectic reaction on the top of the alloy sam-
ple where the ultrasound intensity is sufficiently high. These microstructural variations lead to the
enhancement of compressive strength and elasticity modulus of ternary Cu40Sn45Sb15 alloy.
 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The microstructures of aerospace materials determine their
applied properties. The solidification process of light alloys
and superalloys for aerospace industries can be improved by
ultrasound.1–4 Thus the solidification of alloys within ultra-
sonic field has been an important research subject in recent
years. The propagation of ultrasonic wave not only transmits
acoustic energy into the liquid alloy, but also brings about
such nonlinear effects as cavitation and acoustic streaming,which greatly affect the solidification process of alloys and ulti-
mately improve their microstructures and mechanical proper-
ties.5–8 So far, most work is focused on the dendritic growth
of Al-based alloys9–12 and Mg-based alloys13–17 because of
their wide applications in the automotive and aerospace
industries.18,19
The peri-eutectic transition L + a? b+ c is a typical
kind of peritectic transformation in ternary and multicompo-
nent alloys. Like the usual peritectic transition L + a? b,
its reactants involve one liquid phase and one solid phase.
However, its products are two cooperative solid phases. Since
peri-eutectic transformation is an atomic diffusion controlled
process which is difficult to be completed, the final
microstructures are always composed of both primary and
peri-eutectic phases.20 Therefore, to control phase selection
during peri-eutectic solidification is of great significance.
However, the research of ultrasonic solidification of ternary
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ultrasound is introduced into the solidification process of peri-
eutectic alloy melt, the cavitation effect introduced by intensive
ultrasound may alter the competitive nucleation between pri-
mary and peri-eutectic phases. Meanwhile, the acoustic
streaming accelerates the solute transportation process, which
may facilitate the peri-eutectic transformation.
Ternary Cu–Sn–Sb alloy is a complex metallic system
whose solidification process involves multiple peri-eutectic
transitions among various Cu–Sn, Sn–Sb and Cu–Sb inter-
metallic compounds. This makes it a good candidate of solder-
ing materials without the toxic Pb element, because the
formation of various intermetallic compounds could induce a
significant composite strengthening effect, and thus has great
potential applications in electronic interconnections of packing
technology and automotive industry. In this work, the intense
ultrasonic field is introduced into the solidification process of
ternary Cu40Sn45Sb15 alloy to investigate the microstructural
evolution and mechanical property versus ultrasound power.
On the basis of the experimental results, the peri-eutectic solid-
ification mechanism is discussed.2. Materials and method
The experiments were performed with a solidification appara-
tus incorporated with ultrasonic generator. The ternary Cu40-
Sn45Sb15 alloy sample was £25 mm  25 mm in size and was
prepared from pure Cu (99.99%), Sn (99.99%) and Sb
(99.99%) elements by using electrical resistance furnace. Dur-
ing the experiment, the alloy sample was melted by an electri-
cal resistance furnace in the flowing argon atmosphere. The
ultrasonic generator consists of two parts: a KNbO3 piezoelec-
tric transducer with a resonant frequency of 20 kHz and an
ultrasonic horn with an end diameter of £22 mm. During
experiment, the temperature was monitored by positioning a
NiCr–NiSi thermocouple at the alloy sample top. When the
alloy melting temperature dropped to 100 K above its liquidus
temperature, the ultrasonic transducer was turned on and lon-
gitudinal ultrasonic wave was introduced from the top of the
sample downward into the melted alloy until it solidified com-
pletely. Different exciting currents were input to the ultrasonic
transducer. The corresponding ultrasound power PW was esti-
mated to be 250, 500, 1000 W. After experiments, the alloysFig. 1 Calculated sound pressure and local unsamples were vertically sectioned, mounted, polished and
etched. The phase constitution and microstructure of solidified
alloy samples were analyzed by X-ray diffractometer (XRD)
and scanning electron microscope (SEM).
The compression performance of ternary Cu40Sn45Sb15
alloy was tested by CSS44100 universal electronic testing
machine. Specimens in a size of £4.0 mm  4.0 mm were cut
from the central part of each alloy sample solidified with dif-
ferent ultrasound powers, and the loading speed of mechanical
testing machine was set to be 0.3 mm/min downward. To
ensure the accuracy of test results, the compression without
samples was also conducted to make a baseline correction of
machine-stiffness.
3. Results and discussion
3.1. Acoustic field distribution within liquid alloy
The sound distribution within liquid Cu40Sn45Sb15 alloy is cal-
culated by COMSOL Multi-physics 5.0 software. The propa-
gation of ultrasound within liquid can be expressed by
Helmholtz equation:
k2
q0
pa þr 
1
q0
rpa
 
¼ 0 ð1Þ
in which pa is the sound pressure, q0 = 7746 kg/m
3 the density
of ternary liquid Cu40Sn45Sb15 alloy, k= x/c0 the wave num-
ber, x= 2pf, c0 = 3750 m/s the sound velocity, and
f= 20 kHz the resonant frequency of ultrasound. The acoustic
initial and boundary conditions are set as follows: (a) pressure
source pa = p0cos(xt) at the ultrasonic probe tip surface and
zero normal derivative of the pressure @pa=@n ¼ 0, where
p0 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
PWq0c0=S
p
; t is the time, and S= 3.14  104 m2 is
the surface area of the ultrasonic probe tip, (b) sound soft
boundary pa = 0 at the liquid/air interface, and (c) hard
boundaries at the lateral and bottom sides of the crucible,
which is written as:
 1
q0
ðrpaÞ ¼ 0 ð2Þ
Fig. 1(a) shows the sound distribution along the wave prop-
agation direction z within the liquid alloy at t= 0 s. It can be
seen clearly that the sound pressure increases with the increasedercooling within liquid Cu40Sn45Sb15 alloy.
270 W. Zhai et al.of initial ultrasound power at the ultrasonic probe tip. More-
over, as propagation extends, the sound pressure tends to
reduce. In Fig. 1(b), DTLocal is local undercooling.
3.2. Microstructures formed by ultrasonic solidification
As previously reported,20 the solidus and liquidus tempera-
tures of ternary Cu40Sn45Sb15 alloy are determined to be
509 K and 831 K, and five phase transformations occur succes-
sively in the cooling process, which initiates with the formation
of primary e(Cu3Sn) phase. After this, g(Cu6Sn5) and b(SnSb)Fig. 2 XRD patterns for ternary Cu40Sn45Sb15 alloy solidified
under static condition and within ultrasonic field.
Fig. 3 Solidification microstructures of ternary Cu40Sn45intermetallic compounds successively nucleate and grow.
Finally, the solidification ends with two peri-eutectic transi-
tions of L + b(SnSb)? g(Cu6Sn5) + Sn3Sb2 and L +
Sn3Sb2? g(Cu6Sn5) + (Sn).
In order to investigate the effect of ultrasound on the phase
constitution of ternary Cu40Sn45Sb15 alloy, the XRD analyses
are performed on the solidified samples with various ultra-
sound powers. Two typical XRD patterns are presented in
Fig. 2, which reveal that the solidification microstructures
obtained under conventional condition and ultrasound power
of 1000 W consist of e(Cu3Sn), g(Cu6Sn5), b(SnSb), Sn3Sb2
and (Sn) phases.
Fig. 3 shows the microstructures of Cu40Sn45Sb15 alloy
solidified with different ultrasound powers. Under conven-
tional condition (Fig. 3(a)), it can be seen clearly that a large
amount of primary e(Cu3Sn) phase exists, which grows in
faceted way and develops into long coarse strips. The
g(Cu6Sn5) phase grows into thin layers surrounding primary
e phase. Then, an Sn–Sb intermetallic compound layer grows
adjacently to g(Cu6Sn5) phase. The EDS analysis indicates
that the atomic ratio of Sn:Sb locates between 1 and 1.30.
Hence, it is difficult to distinguish b(SnSb) from Sn3Sb2 and
we call this layer Sn–Sb intermetallic compound. Besides, there
are also some (Sn) blocks distributed discontinuously on
Sn–Sb intermetallic compound matrix. The parallel growth
of the inner primary e(Cu3Sn) phase, the g(Cu6Sn5) phase
and the SnSb phase forms a three-layer lamellar structure.
When ultrasound power of 250 W is applied, as presented
in Fig. 3(b), remarkable refinement effect takes place to the
primary e(Cu3Sn) phase within the whole alloy sample.Sb15 alloy under various ultrasound power conditions.
Fig. 5 Average width and length for primary e(Cu3Sn) phase.
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ification, the thickness of g(Cu6Sn5) phase increases. The
solidification microstructure formed under ultrasound power
500 W is similar to that under 250 W but seems to be more
refined. It also needs to be mentioned that homogeneous
microstructure is observed within the alloy samples solidified
under ultrasound power of both 250 W and 500 W. However,
If the ultrasound power further increases to PW = 1000 W, as
shown in Fig. 3(c), the structure becomes inhomogeneous, and
a lot of spherical equiaxed grains appear at the top of the alloy
sample. Whereas the similar structure as that in Fig. 3(b)
formed in the remaining lower part. This is because the inten-
sive cavitation effect occurs at the sample top when the ultra-
sound power is sufficiently high. The cavitation leads to the
sharply attenuation of the ultrasonic wave at the remaining
bottom part of the alloy sample. As seen in the enlarged view
of zone C in Fig. 3(d), a large proportion of these equiaxed
grains are only made up of g(Cu6Sn5) phase, whereas the
others are composed of a little amount of primary e(Cu3Sn)
phase in the core, and the g(Cu6Sn5) phase is also the major
phase. This is further confirmed by the solute distribution
scanning with EDS analysis. As seen in Fig. 4(a) which shows
the solute content C, this equiaxed grain is uniform with
respect to Cu, Sn and Sb elements distribution, and the atomic
ratio of Cu to Sn element is close to 6:5 while about 10 at.% Sb
dissolved in the g(Cu6Sn5) phase. This demonstrates that such
a grain is only composed of g(Cu6Sn5) phase without any
traces of primary e(Cu3Sn) phase. By contrast, as illustrated
in Fig. 4(b), there is a little amount of primary e(Cu3Sn) phase
remaining in the center of the equiaxed grain shown in Fig. 4
(b), whose Sb content is very limited.
3.3. Solidification mechanism within ultrasonic field
On the above mentioned microstructural characteristics, it can
be seen clearly that the effect of power ultrasound on the solid-
ification mechanism of ternary Cu40Sn45Sb15 alloy lies in the
following two aspects. Firstly, it brings about remarkable
refinement to the primary e(Cu3Sn) phase. Fig. 5 illustrates
the relationship between the average size for primary e(Cu3Sn)
phase versus ultrasound power. As ultrasound power rises,
both the length Le and width We decrease, and especially for
the length, it is decreased from 1135 lm to that of 11 lm underFig. 4 Solute distribution profiles of peri-eutectic strthe ultrasound power of 1000 W, which is reduced by two
orders of magnitudes. Meanwhile, the width also declines from
25 lm to that of 6 lm under the highest ultrasound power.
Secondly, the ultrasound may alter the solidification path
for ternary Cu40Sn45Sb15 alloy. As shown in Fig. 3(c), when
the ultrasound is sufficiently intensive, the g(Cu6Sn5) phase
may directly nucleate and grow from the liquid alloy to form
an equiaxed grain in some regions of the alloy melt due to the
local intensive cavitation effect. In fact, cavitation effect gener-
ates a huge local transient pressure of up to GPamagnitude and
affects the nucleation process by elevating the local melting
temperature. The change of liquidus temperature TP with pres-
sure PL is given by the Clausius–Clapeyron equation as
TP ¼ TL þ TL  ðPL  P0Þ  DV=DHm ð3Þ
where TL is the liquidus temperature at the atmospheric pres-
sure P0. DV and DHm are the volume change and enthalpy
change during liquid–solid transformation, respectively.
Assuming that the high pressure PL in the liquid alloy pro-
duced by cavitation effect is up to 1–10 GPa, (Fig. 1(b)), the
local undercooling DTLocal is calculated to be elevated by 30–
307 K. The undercooling is sufficient to cool the local alloy
melt to a point much lower than the liquidus temperature. In
this case, the per-eutectic g(Cu6Sn5) phase can nucleate prefer-
entially by preventing the formation of primary e(Cu3Sn)
phase.uctures after high power ultrasonic solidification.
Fig. 6 Stress–strain curve for ternary Cu40Sn45Sb15 alloy sam-
ples solidified with different ultrasound powers.
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Fig. 6 shows the compressive stress–strain curves for ternary
Cu40Sn45Sb15 alloy samples solidified with different ultrasound
powers, in which r stands for stress and e0 denotes strain.
Clearly, under conventional condition, the alloy sample sus-
tains a long life without rupture strain, and the corresponding
elasticity modulus is 2478 MPa. At a low power ultrasound of
250 W, the compressive strength of the solidified alloy sample
is about 156.7 MPa with a fracture strain of 2.7%. As ultra-
sound power rises, both the compressive strength and fracture
strain show an increasing tendency. As seen in Fig. 6, when the
ultrasound power reaches the maximum value of 1000 W, the
compressive strength rises to 303.9 MPa with a fracture stain
of 4.7%, which are 1.94 and 1.74 times higher than those under
ultrasound of 250 W, respectively. It also needs to be men-
tioned that the elasticity modulus also elevates sharply to
about 6107 MPa for the ternary Cu40Sn45Sb15 alloy samples
solidified within ultrasonic field, which is increased by a factor
of 2.46 as compared with that during conventional solidifica-
tion. These results indicate that the introduction of ultrasound
during solidification promotes the compressive strength as well
as elasticity modulus and decreases the ductility of ternary
Cu40Sn45Sb15 alloy. The refinement effect on the primary e
(Cu3Sn) phase and the increase in volume fraction of the g
(Cu6Sn5) phase take responsibility for the variation in mechan-
ical properties.
4. Conclusions
The effect of power ultrasound on the solidification of ternary
Cu40Sn45Sb15 peri-eutectic alloy is investigated, which proves
that the introduction of power ultrasound is an effective way
to control the microstructure formation and promotes the
mechanical property for ternary peri-eutectic type alloys. The
main conclusions are as follows:
(1) Both of the Cu40Sn45Sb15 alloy samples solidified during
the conventional condition and within ultrasonic field,
are composed of e(Cu3Sn), g(Cu6Sn5), b(SnSb), Sn3Sb2
and (Sn) phases. The introduction of ultrasonic field does
not change the phase constitution of this ternary alloy.(2) The ultrasonic field has a prominent refinement effect on
the primary e(Cu3Sn) phase, whose size is reduced by
nearly two orders of magnitudes as compared with that
during conventional solidification.
(3) Under the highest ultrasound power of 1000 W, the
intensive cavitation effect at the sample top prevents
the formation of primary e(Cu3Sn) phase and the
g(Cu6Sn5) phase nucleates and grows directly from the
liquid alloy melt.
(4) The introduction of ultrasound during solidification
promotes the compressive strength as well as elasticity
modulus and decreases the ductility of ternary Cu40Sn45
Sb15 alloy.
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